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A B S T R A C T
Ferromanganese nodules are important pedogenic indicators in soil. They are usually characterized by clearly
expressed ring structures. Although these features are believed to be signiﬁcant environmental ﬁngerprints, the
reasons for their formation still await interpretation. Here, we interpreted these ﬁngerprints by the synergistic
use of noninvasive synchrotron-radiation based techniques and advanced analytical methods. The results re-
vealed that the soil nodules were formed due to the ﬁlling of the pore networks of the soil matrix that was
mediated by both abiotic and biotic factors during alternative soil wetting-drying cycles. The ring structures are
therefore the memories of the soil redox history. The variations in elemental compositions of the ring structures
indicates the soil moisture conditions at the time of formation. Their porosity reﬂects the rate of change in soil
redox potential and the soil redox potential is mainly aﬀected by precipitation.
1. Introduction
Many diﬀerent environmental ﬁngerprints are found in the natural
world, including ice cores, lake sediments, cave stalagmite and soil
proﬁles (Petit et al., 1999; Dong et al., 2015; Steﬀensen et al., 2008; Su
et al., 2015). They are sensors and recorders of environmental changes
and many contain fully resolved records of diﬀerent time scales.
Therefore, interpretation of these ﬁngerprints is crucial for under-
standing environmental change during the past thousands or even
millions of years. The ice cores provide unparalleled temporal resolu-
tion and continuity. They are therefore ideal proxies for investigation of
the regional temperature, moisture, aerosol deposition and atmospheric
history (Petit et al., 1999; Steﬀensen et al., 2008). The sedimentary
sequence of lakes and cave stalagmite are also proxies for tracking the
variability of the regional climate, vegetation changes and anthro-
pogenic activity based on organic and inorganic signals (Chu et al.,
2012; Dong et al., 2015; Su et al., 2015; Sun et al., 2016). Soil is the
critical zone at the earth’s surface and is also the foundation of basic
ecosystem functions. The formation processes of soil help in our un-
derstanding of nutrient cycling, carbon sequestration and the fate of
toxic compounds (Bockheim et al., 1996; Dubroeucq et al., 1998;
Bockheim and Gennadiyev, 2000). However, there are only limited
options available for investigation of the formation history of soil be-
cause few signatures remain in soil after its weathering.
Ferromanganese nodules, a speciﬁc pedogenic indicator, occur
globally in a large variety of soils. They usually comprise iron and
manganese oxides, combined with other soil materials such as quartz
and other silicate minerals (Childs, 1975; Liu et al., 2002; Cornu et al.,
2005). They range from a few millimeters to centimeters in diameter
and have various shapes including blocky, subangular and plate-like
structures. In tropical and subtropical regions, the soil nodules are al-
ways round or semi-round in shape, with a red-brown iron oxide coat
on their surfaces (Hickey et al., 2008; Timofeeva et al., 2014). The
cross-sections of the soil nodules range from light to dark brown in
colour and many types of minerals such as quartz, mica and feldspars
act as cementing agents (Szymanski et al., 2014; Timofeeva et al.,
2014). The soil nodules have high concentrations of Fe and Mn oxides,
which are formed by both abiotic and biotic redox processes during
wetting–drying cycles (Tebo et al., 2004; Zhang et al., 2014). They are
typically characterized by obvious concentric ring structures (Cescas
et al., 1970; Palumbo et al., 2001; Manceau et al., 2003), which are a
main feature, and are formed due to seasonal ﬂuctuations of the soil
redox potential (White and Dixon, 1996; Gasparatos et al., 2005; Yu
et al., 2015). They are important memories of soil redox history with
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much environmental information hidden inside them (Jien et al., 2010;
Palumbo et al., 2001). For a long time, these periodic concentric rings
were considered to be ﬁngerprints, containing information about ped-
ogenetic processes, soil-formation history, weathering processes, and
pedo-environmental conditions that deﬁed much, if any, interpretation
(Zhang and Karathanasis, 1997; Gasparatos et al., 2005; Yu et al.,
2015).
The morphology, internal structures and chemical composition of
the soil Fe-Mn nodules have been frequently investigated in previous
research (Hickey et al., 2008; Timofeeva, 2008; Cornu et al., 2009;
Rennert et al., 2014). However, the interpretation of the ﬁngerprints of
the Fe-Mn soil nodules was still not revealed due to several challenges.
One of the biggest challenges was the lack of ability to obtain their full
chemical and physical characteristics using current analytical methods,
due to the complicated structure of the nodules. Previous research only
provided very limited 2-D information about the soil nodules (Zhang
and Karathanasis, 1997; Cornu et al., 2005; Szymanski et al., 2014).
Information about their 3-D structure, pore properties and formation
rates are still lacking. Another challenge is to obtain information about
the processes involved in the formation of the soil nodules based on
their ring structures, which are the memories of their formation history.
Previous researches only provide qualitative descriptions of their ring
structures (Zhang and Karathanasis, 1997; Gasparatos et al., 2005;
Timofeeva et al., 2014) and we do not have reliable methods to de-
termine the processes involved in their formation. A third challenge is
to link the structural and chemical information in the soil nodules to the
environmental conditions at their times of formation, which is crucial if
we are to interpret their environmental ﬁngerprints. Now, these chal-
lenges can be met by use of new techniques. Synchrotron-radiation
based X-ray probes and novel data analytical methods and X-ray mi-
crotomography (SR-mCT) provide the complete 3-D microstructure of
the soil nodules. The elemental maps of the soil nodules may be
scanned with X-ray micro-ﬂuorescence mapping (SR-XRF). Advanced
image processing techniques can visualize and quantify their 3-D mi-
crostructure and that of their adjacent soil matrices. Wavelet analysis is
a reliable method for reconstruction of the redox history and formation
processes of the soil nodules. The combination of these methods enables
us to elucidate the mechanisms of formation of the soil nodules and
their analysis from a novel perspective. The aims of this study were to:
(i) visualize and quantify the 3-D microstructure of the studied soil
nodules. (ii) image the elemental maps and reconstruct the processes
involved in the formation of the soil nodules. (iii) interpret the en-
vironmental ﬁngerprints within the soil nodules and (ⅳ) retrieve in-
formation about the paleoclimate during the formation of a typical soil
nodule. Our hypothesis is that new information about the paleoclimate
can be retrieved based on studies on the ﬁngerprints of soil nodules.
2. Materials and methods
2.1. Study site, soil and nodule sampling
The study site is located in the Jin-Qu Basin of eastern China
(29°2′40.92″ N, 118°59′4.8″ E). It is a low-hill region with an altitude of
76 m asl (average sea level). This region has a subtropical monsoon
climate with a mean annual rainfall of 1700 mm. The mean annual
temperature is 16.3–17.3 °C. The native vegetation is evergreen
broadleaf forest. The soils are developed on a Quaternary red earth,
classiﬁed as a Typical Plinthudults according to the US soil taxonomy
(Soil Survey Staﬀ, 2010). The image of the sampling site and the soil
proﬁle is shown in Figure S1. The soil is commonly divided into four
pedogenic horizons: the soil surface, cultivated soil (A), uniform red
earth (Bs), vermiculated red earth (Bv) with white worm- or net-like
veins, and ﬂuvial sand and gravel deposits (C). These soils contain
abundant spherical Fe–Mn nodules, which are considered to be an in-
dicator of pedo-environmental change. A typical soil proﬁle with well-
developed Fe–Mn nodules was selected for the present study. It has the
following genetic horizons: 0− 20 cm (A horizon), 20− 45 cm (Bs1),
45− 70 cm (Bs2), 70− 155 cm (Bv), and 150− 200 cm (C). The Fe-
Mn nodules are predominantly found in the Bs2 horizon. The other
horizons contain few nodules
Bulk soil samples were taken from each genetic horizon (A, Bs1,
Bs2, Bv, and C) and the soil nodules were extracted from the Bs2 hor-
izon, because it contains the largest number of Fe-Mn nodules.
Importantly, the Bs2 horizon was not aﬀected by the current under-
ground water table level. To separate the Fe-Mn nodules, the bulk soil
samples were dispersed in deionized water and the>2 mm nodules
separated by wet sieving. The Fe-Mn nodules were then collected very
carefully using an optical microscope (JIFEI-XL7045TS, Nanjing Optical
Instrument) using tweezers. The separated nodules were gently washed
with deionized water and air-dried at room temperature. The separated
nodules were divided into three size classes by dry sieving: 5 to 6.5, 3.5
to 5, and 2 to 3.5 mm in diameter. A total of 120 soil Fe-Mn nodules (40
nodules for each size class) were selected for X-ray CT scans. A portion
of the bulk soils and nodule samples were gently crushed and
sieved>0.125 mm for physical and chemical analyses. The detail
procedures of soil analyses are described by Yu et al. (2015). The
chemical and physical properties of the soil proﬁle are given in Table S1
of the supplementary information (Appendix A).
2.2. X-ray CT scanning
The soil nodules and macro-aggregates were scanned with an SR-
mCT beamline BL13W1 at the Shanghai Synchrotron Radiation Facility
(SSRF). The samples were put into plastic tubes and ﬁxed on the sample
stage. The distance between the CCD (charge-coupled device) detector
and sample was 45 cm. The sample stage was rotated from 0 to 180° at
constant intervals (0.25°) and scanned at an energy of 32 KeV. The
projection images of the samples were recorded by a PCO2000 CCD
camera (Optique Peter, Lyon, France) with 3.7-μm pixel resolution. The
true resolution of the CT images was lower than the pixel resolution
because it is limited by the noise baseline of the CCD detector.
Therefore, only pores larger than 9 μm were investigated. A total of 720
projections of 2048 × 2048 pixels for each nodule were obtained for
CT reconstruction. The image slices were reconstructed using a free
software package PITER (Trieste, Italy) with a fast Fourier transform
(FFT) based reconstruction algorithm (Chen et al., 2012). A total of 120
nodules and 10 macro-aggregates from the soil were scanned.
2.3. Image processing
Image cropping, normalization and edge enhancement were per-
formed by Image J software 1.52n (the National Institute of Health,
Bethesda, MD, USA; http://rsb.info.nih.gov/ij/). The histogram of all
the image slices was normalized by image J before image segmentation,
the saturated pixels was set to 0.3%. To reduce the partial volume ef-
fect, an ‘unsharp’ mask ﬁlter was applied for edge enhancement. The
ﬁlter setting was σ= 1.2 and weight, w = 0.55. The image segmen-
tations were obtained by the ‘watershed’ method, which was provided
by the ‘watershed segmentation’ module AVIZO 9.2 software. A one-
pixel closing ﬁlter was applied to the binary images to ﬁll misclassiﬁed
pixels inside the pores. Volume rendering and 3D visualization of the
nodule surfaces, internal structures and soil pore systems were also
obtained using AVIZO software. The total porosity and equivalent
diameter of the soil nodules were quantiﬁed by AVIZO. After image
segmentation, all the pores within the nodules were ﬁlled, then the
volume and the equivalent diameter of the soil nodules were quantiﬁed
by the ‘Label Analyses’ module. The pore volume within the soil no-
dules was also quantiﬁed by the ‘Label Analyses’ module of the AVIZO
software and their total porosity was calculated by dividing the pore
volume by the nodule volume. The total porosity of the soil macro-
aggregates was also quantiﬁed by the same method. Quantiﬁcation of
the ring structures was performed by line proﬁles across the diameter.
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Based on the gray-value of the ring structures, the ring numbers can be
quantiﬁed by counting the peaks of the line proﬁles. Due to the ani-
sotropy of the ring structures in diﬀerent directions, they were quan-
tiﬁed from the average value of six line-proﬁles at 60° intervals. The
detailed procedures of pore structures quantiﬁcation, pore network
modeling and the spatial variation of the connected pores in the macro-
aggregates is given in supplementary information.
2.4. X-ray microﬂuorescence mapping
After the CT scan, three typical nodules of their respective size
classes were selected for X-ray Fluorescence mapping. The selected
nodules were cut into slices (about 200 mm thick) by the EXAKT E310
incision system (EXAKT Advanced Technologies GmbH), and were ad-
hered to a 3 M plastic ﬁlm for ﬂuorescence scanning. The μ-XRF map-
pings were scanned using a Beamline 15U1 at the Shanghai
Synchrotron Radiation Facility (SSRF). Based on the CT images of the
selected nodules, a 50-μm beam spot was chosen for X-ray ﬂuorescence
mapping. The μ-XRF maps were collected by scanning the soil nodule
slices under a monochromatic beam with 20-keV beam energy. The
scan time was 1 s for each step. The ﬂuorescence signals were recorded
using a Si–Li solid-state detector, by orienting the sample vertically to
45° of both the X-ray beam and the detector. After the ﬂuorescence
mapping, all the data were converted and plotted by Matlab software
(https://www.mathworks.com/).
2.5. Analyses of the redox history of the soil nodules
Wavelet analysis was used to quantitatively investigate wetting-
drying cycles at multiple time scales and reconstruction of the soil
redox history during the formation of the soil nodules. The ﬂuorescence
signals of Fe and Mn across the diameter of the soil nodules were de-
termined for wavelet analysis. The input signals including the following
information: (1) each peak of the Fe or Mn signal corresponding to a Fe
or Mn rich ring structure, whereas the valleys of the signals corre-
sponding the Fe or Mn deplete rings; (2) a higher Mn content but lower
Fe content correspond to a relative dry soil environment and lower Mn
but higher Fe corresponds to a wet environment (Liu et al., 2002); (3)
the variations of Fe and Mn signals across the diameter were natural
time-series, which record the soil redox history at the time of the soil
nodules’ formation. According to the signal properties, we select the
continuous complex wavelet transform based on Morlet wavelet func-
tion due of the following reasons: (1) The formation process of the soil
nodules including the Fe and Mn variation at multiple times scales, and
these variations were continuous at diﬀerent time scales. Therefore, the
continuous wavelet analysis is more appropriate, rather than the
MODWT; (2) the real wavelet transformation only provide the ampli-
tude variations of the Fe and Mn signals; whereas the complex wavelet
transformation provide both the phase and amplitude variations, which
enables us to further investigate the forming process of the soil nodules;
(3) the phase shift of the real part and imaginary part of the complex
wavelet function is π/2, which can eliminate the spurious oscillations
and improve the accuracy of the wavelet analysis. To eliminate edge
eﬀects, the Mn signals were extended symmetrically by 12 units before
wavelet transformation, and were removed afterwards. A complex
continuous wavelet analysis was conducted by the wavelet toolbox of
the MATLAB software (https://www.mathworks.com/). The wavelet
function was ‘cgau’ and the wavelet level set to 8. The sampling period
was set to 1, and the scaling mode was ‘step by step mode’. The real part
of the wavelet coeﬃcients were plotted to reveal the wetting-drying
ﬂuctuations of the soil nodules at multiple time-scales.
2.6. Quantiﬁcation of the layer porosities inside soil nodules
The concentric layers inside the soil nodules were determined,
based on wavelet analyses and visual inspection. To quantify the layer
porosities, these layers should be separated in 3-D space. This was done
by manually slicing using the AVIZO 9.2 software, because these con-
centric layers were irregular in each direction. After extraction of the
layers, image segmentation was done using the ‘watershed’ method,
and the layer porosities quantiﬁed by the ‘label analyses’ module of the
AVIZO software.
2.7. Statistical analysis
The size and formation rate of the soil nodules were investigated
and classiﬁed by network analyses. A distance matrix based on nodule
diameter and formation rate (deﬁned by the ratio of nodule diameter
and number of ring structures) was generated by the ‘stat’ package of
the R software. The value of the distance matrix was between 0 and 1. A
value of 0 in the distance matrix means two soil nodules has the same
size and formation rate. The values in the distance matrix will increase
with the increasing of the diﬀerences in nodule size and their formation
rate. To improve the accuracy of classiﬁcation, the similarity levels
were set to 0.05 (with 95% similarity). The network parameters were
computed and plotted by the ‘igraph’ package (http://igraph.org/)
based on the distance matrix. Finally, the algorithm divides the network
into several groups to reveal the relations between the size of the soil
nodules and their formation rate.
Statistical analyses were made using the SPSS 25.0 statistical soft-
ware package (http://www-01.ibm.com/software/analytics/spss/). In
order to test the hypothesis that weather the soil nodules were formed
by ﬁlling the connected pores of the soil matrix with Fe and Mn oxides,
the isolated porosity of soil macroaggregates and soil nodules were
compared by a one-way analysis of variance (ANOVA) and Fisher’s least
signiﬁcant diﬀerence (LSD) test (P < 0.05). to investigate the eﬀects of
spatial variation of the pore properties of the soil to the formation of the
soil nodules, the diﬀerences in pore structure among inner, middle and
outer layers of the macro-aggregates were compared by a one-way
analysis of variance (ANOVA) and Fisher’s least signiﬁcant diﬀerence
(LSD) test (P < 0.05). The univariate linear regression was applied to
establish the relations between the porosity of the nodules and their
formation rate. Before the analysis of variance, the normality and
homogeneity of variances across groups of the residuals were tested. All
the variables in this study satisﬁed the assumptions of ANOVA after the
square root transformation was applied. Detailed ANOVA tables are
given in Table S3-S5 in supplementary information.
3. Results
3.1. 3-D microstructures of the nodules and the adjacent soil matrices
The morphology and 3-D microstructures of the nodules and ad-
jacent soil aggregates are given in Fig. 1. Quantiﬁcation of the internal
pore structure of the soil nodules and aggregates are given in Table 1.
The diﬀerent sized nodules were round and semi-round in shape, with a
dark red coating of iron oxide at their surfaces (Fig. 1a, e and i). The
penetration and cross-section view of the soil nodules showed that the
5− 6.5 mm soil nodules had the most obvious concentric ring struc-
tures, followed by the 2− 3.5 mm ones. The 3.5− 5 mm nodules had
the least obvious ring structures (Fig. 1b, f, j and d, h, l). There were
large numbers of isolated pores within the diﬀerent sized soil nodules.
Connected pores, however, were not observed (Fig. 1c, g and k). The
pore structure of the adjacent soil aggregates was completely diﬀerent
to those of the soil nodules (Fig. 1n). The soil aggregates had a highly
connected pore network system (Fig. 1o), which did not occur within
the soil nodules (Fig. 1c, g and k). The quantitative information showed
that the total porosity of the soil nodules was markedly less than that of
the adjacent soil aggregates (Table 1). However, the diﬀerences in
isolated porosity between the soil nodules and adjacent soil aggregates
were insigniﬁcant. The spatial variations of the pore structures of the
adjacent soil aggregates were also investigated (Figure S2). In spite of
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some local heterogeneity, the overall pore structures of the connected
pores within the soil aggregates were homogeneous between the inner
to outer layers, including the micro-, meso-, macroporosity and total
porosity (Figure S2b).
3.2. Porosity and formation rate of the soil nodules
The formation rates of the diﬀerent sized soil nodules were in-
vestigated by network analyses (Fig. 2). The formation rate was de-
termined from the D/R ratio (ratio between diameter (D) and number of
ring structures (R) of the soil nodules), which reﬂects the increase in
nodule size at each wetting/drying cycle. The nodules were classiﬁed
into six groups according to their diameters and D/R ratios. With soil
nodules of 2− 3.5 mm diameters, the proportion of higher D/R ratios
was 22.5%, whereas the lower D/R ratio was 10.8%. With increasing
nodule size, the proportion of higher D/R ratios decreased to 20% and
16.7% in the 3.5− 5 mm and 5− 6.5 mm nodules, respectively. The
proportion of nodules of lower D/R ratios increased to 13.3% and
16.7% with the 3.5− 5 mm and 5− 6.5 mm nodules respectively. In
summary, smaller nodules initially tended to have higher rates of
Fig. 1. Surface morphology and 3-D internal microstructures of typical soil nodules and the corresponding soil aggregates. (a), (e) and (i), surface structures of the
diﬀerent size soil nodules. The mixture colors of red yellow and brown red was selected for surface rending to restore the surface color of real nodules. (b), (f) and (j),
the penetration view of the typical soil nodules, and the concentric layers of the soil nodules can be clearly revealed. The penetration view only exhibits the high-
density minerals in the soil nodules. The higher density of the minerals in the nodules, the larger intensity in the 3D image. (c), (g) and (k), visualization of the pores
inside the soil nodules. Only the isolated pores observed. Diﬀerent individual pores were labelled with diﬀerent colors. (d), (h) and (l), the cross-sectional view of the
typical soil nodules. The warm colors (especially the red color) represent the ring structures, the cooler colors represent the silicate minerals and pore structures in
the nodules. (m), the surface structure of the corresponding soil matrix. (n), the pore system within the soil matrix. Cooler colors represent the smaller pores, whereas
warmer colors represent the larger ones. (o), the pore network model of the connected pores within the soil aggregate.
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formation.
The relationship between nodule formation rate and porosity was
determined by univariate linear regression. The formation rates were
divided into three classes according to the histogram of their formation
rates (Fig. 3). Most of the 5− 6.5 mm sized nodules had slow or
moderate formation rates. In contrast, almost all the nodules with fast
formation rates were< 5 mm. These results are consistent with the
results of network analyses.
The formation rate of the nodules can be predicted from their por-
osity using linear regression analysis because both the regression
equation and its coeﬃcient were highly statistically signiﬁcant
(p < 0.001). The regression equation was based on the porosity and
formation rates of the diﬀerent sized soil nodules, and the larger no-
dules were derived from smaller ones. Therefore, this equation includes
all the information required to deﬁne the formation of diﬀerent layers
(ring structure) of the soil nodules, based upon their layer porosities.
3.3. Elemental distribution of the soil nodules
The spatial distribution of Fe, Mn and other trace elements in the
diﬀerent sized soil nodules are given in Figs. 4 and S2-S4, respectively.
The XRF maps showed that the distribution of Fe and Mn in the nodules
was highly heterogeneous at the microscale. Some concentric rings had
high Fe but low Mn concentrations, while others were high in Mn but
low in Fe. The independent high or low Fe and Mn concentrations
suggest that the ring structures were formed in alternating redox cycles.
Visual inspection revealed that the 5− 6.5 mm nodules had more ring
structures than the 3.5− 5 and 2− 3.5 mm ones. However, the
3.5− 5 mm nodules had no more rings than the 2− 3.5 mm nodule,
suggesting that the larger nodules do not necessarily have more ring
structures. In the 5− 6.5 mm nodules, the Mn concentrations were
relatively higher at the centre, while depleted at the periphery. The
reverse was true for the 3.5− 5 and 2− 3.5 mm nodules. The partition
Table 1
Total-, connected- and isolated porosity of the diﬀerent sized soil nodules and
the surrounding soil aggregates.
Samples Size (mm) Total
porosity (%)
Connected
porosity (%)
Isolated
porosity (%)
Soil nodule† 5-6.5 2.74 (0.24)
b*
N/A 2.74 (0.24) b
3.5-5 2.99 (0.25) b N/A 2.99 (0.25) a
2-3.5 2.76 (0.34) b N/A 2.76 (0.34) b
Soil aggregates‡ 5-7 9.36 (0.34) a 6.5 (0.56) ** 2.86 (0.22) ab
†: Number of soil nodules of each size class was 40.
‡: Number of soil aggregates was 10.
*: The letter a, b and ab represent the statistic diﬀerence of pore properties
among diﬀerent sized soil nodules and soil aggregates. Values followed by
diﬀerent letter within the same column are signiﬁcantly diﬀerent at 0.05 level
(LSD).
**: Values in brackets represent the standard deviation of the mean.
Fig. 2. Network show the formation rates of all the studied soil nodules based on their diameter and D/R ratio (ratio of diameter and number of ring structures),
which reﬂect the increase of the nodule size at each wet/dry cycle. The forming rate was described by the D/R ratio. Each node in the graph represents an individual
soil nodule; each connection represents the structural similarity among diﬀerent soil nodules. The soil nodules of similar size and forming rate were divided into the
same group and expressed by the same color. The number on nodes represent the diameter of each soil nodule.
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of trace elements in the soil nodules was also observed (Figure S3, S4
and S5). The visual inspection of the elemental maps shows that Cu, Cr,
Ni, Ca, Rb, Ti and Zn are coupled with Mn, while As and Pb is coupled
with Fe. In summary, the enriched Fe and Mn along with the partition
of trace elements within the soil nodules exhibited completely diﬀerent
patterns, depending on the soil redox potentials during their formation
processes.
The Fe-Mn overlapped rings also occurred in the diﬀerent sized
Fig. 3. Relationship between porosity of soil nodules and their formation rates. (a) The porosity of nodules and the formation rates was plotted by scatter diagram
and ﬁtting by univariate linear regression. The scatter of red, green and blue colour represent the 5–6.5, 3.5-5- and 2–3.5-mm soil nodules, respectively. The
regression equation, the determination coeﬃcient and signiﬁcance regression equation are marked on the ﬁgure. (b) The formation rates were divided into three
classes based on their histogram.
Fig. 4. Internal microstructures and elemental distribution of typical soil nodules. (a)-(c) and CT images of diﬀerent sized soil nodules. The resolution of the CT
images is 3.25 μm. (g)-(i) and (j)-(l) elemental maps of Fe and Mn of the same nodule that corresponding to the CT images. (d)-(f), the contour map of Fe-Mn ratio.
The Fe-Mn overlapped zones were marked on both CT images and contour maps of Fe-Mn ratio. The letters refer to the formation stages based on the wavelet analyses
that correspond to the Fe-Mn overlapped structures. The values in the red squares indicate the Fe/Mn ratio of the overlapped ring structures.
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nodules. They were located by comparing the pixel intensity of the
same coordinates in the Fe and Mn maps and are indicated on both the
CT images and contour maps of Fe-Mn ratios (Fig. 4a-c and d–f). The
labels refer to the Fe-Mn overlapped rings and their corresponding
formation stages, based on wavelet analyses (Fig. 5). These Fe-Mn
overlapped rings were formed by co-precipitation of Fe and Mn mi-
nerals due to the rapid change in the redox potential. These ring
structures were characteristic by their relatively low Fe/Mn ratios (from
0.5− 1.5), depending on the environmental conditions during their
formation (Fig. 4d–f). The CT images also showed that the Fe-Mn
overlapped rings were characterised by porous structures, indicating a
relative faster formation rate (Fig. 3).
3.4. Analyses of the redox history of the soil nodules
The multiscale ﬂuctuations of Fe and Mn across the diameter of
typical soil nodules were investigated by wavelet analysis (Fig. 5).
During the formation process, the wetting/drying cycles were recorded
as concentric ring structures within the soil nodules. Due to the limited
resolution of the elemental maps, only the>50 μm ring structures
were investigated in this study. The elemental composition of the ring
structures indicates the environmental conditions during their forma-
tion.
There were two types of ring structures; the independently enriched
Fe and Mn ring structures and the overlapped Fe-Mn ring structures.
Both Fe rich ring types were formed during wet cycles (under relative
lower soil redox potentials), whereas the Mn rich rings were formed
during dry cycles (under higher soil redox potential). Therefore, the soil
redox history can be determined from the analysis of the Fe and Mn
ﬂuctuation across the diameters of the soil nodules. The formation
phases of the soil nodules were indicated in both the Fe and Mn wavelet
plots. The Fe rich but Mn poor formation stages occurred in the Fe
wavelet plot (Fig. 5a, c and e). The Mn-rich but Fe poor formation
stages were only indicated in the Mn wavelet plot (Fig. 5b, d and f). The
Fe-Mn overlapped formation stages were marked in both the Fe and Mn
wavelet plots. At> 1.5 mm scales, the wavelet variations indicated the
wetting/drying cycles during longer time scales corresponding to the
number of phases during the formation processes of the soil nodules. At
the 0.5− 1.5 mm scale, the wavelet variations indicate the wetting/
drying cycles at smaller time scales. This indicates the number of for-
mation stages of the soil nodules. At each formation stage, a concentric
ring structure will be formed. At the< 0.5 mm scale, the wavelet var-
iations indicate the wetting/drying cycles during very short periods
(within each concentric ring).
Wetting/drying cycles during the formation stages of the soil no-
dules (0.5 mm scales) were seldom observed (Fig. 5). There were four
phases during the formation processes of the 5− 6.5 mm soil nodules
(Fig. 5a). Phase 1 and 3 were dominated by dry conditions, char-
acteristics by the relatively low Fe content (Fig. 5a). Phases 2 and 4
were dominated by wet conditions and contained relatively low Mn
contents (Fig. 5b). There were nine formation stages at the
0.5− 1.5 mm scales. Stage 1 was included in phase 1. Stages 2− 4
were included in phase 2. Stage 3− 7 and 8− 9 were included in
phase 3 and 4, respectively. Manganese-rich but Fe poor ring structures
were formed in stages 1, 3 and 5. The Fe rich but Mn poor ring struc-
tures were formed at stages 2, 4, 6 and 9. The Fe-Mn overlapped ring
structures were formed at the formation stages 7 and 8. The Fe-Mn
overlapped rings of the 5− 6.5 mm soil nodules were also indicated on
the CT image (Fig. 4a). These ring structures are more porous than the
adjacent ones. There were three phases during the formation of the
3.5− 5 mm nodules. Phase 1 and 3 were dominated by wet and Phase
2 by dry conditions (Fig. 5c). There were seven formation stages at the
0.5− 1.5 mm scales, which is less than in the 5− 6.5 mm nodules. The
overlapped Fe-Mn rings were formed at stages 2 and 4. The Fe and Mn
contents in the overlapped rings (labels S2 and S4 in Fig. 5c) were much
smaller than those in the Fe and Mn independently enriched rings and
the stage 4 nodules contained lower Fe and Mn contents than stage 2.
The combination of wavelet analyses (Fig. 5c and d) and CT image
Fig. 5. Interpretation of the wet/dry cycles of the typical soil nodules by wavelet analyses. (a), (c), (e) and (b), (d), (f), multiscale ﬂuctuations of the Fe and content
across the diameter of the diﬀerent sized soil nodules, respectively. The letter P and S correspond to the formation phase and stage of the soil nodule. The formation
stages with the Fe-Mn overlapped rings were marked with an asterisk above the letter S.
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(Fig. 4c) also showed that the porous ring structures had lower Fe and
Mn oxides contents. This also occurred in the 5− 6.5 mm and
2− 3.5 mm nodules.
The 2− 3.5 mm nodules only had two phases during their forma-
tion processes. However, they had seven formation stages (Fig. 5e) and
the same number of ring structures as the 3.5− 5 mm nodules. This
indicates that the larger nodules did not necessarily have more ring
structures than the smaller nodules. In summary, the soil redox history
of the soil nodules can be determined by wavelet analyses.
4. Discussion
4.1. Formation processes of the soil nodules
Soil Fe–Mn nodules are formed by biotic and abiotic processes
during wet-dry cycles, both of them are indispensable (D’Amore et al.,
2004; Richardson and Hole, 1979; Schwertmann and Fanning, 1976;
Zhang et al., 2014). For biotic factor, the microbial metabolisms are
essential for the formation of soil nodules. The Mn-oxidizing, Fe-oxi-
dizing and Fe/Mn-reducing bacteria greatly enhance the soil redox
process and promote the enrichment of Fe and Mn oxides during the
formation process of soil nodules (Zhang et al., 2014). For abiotic
factor, the ﬂuctuations of soil redox potential are also critical for no-
dules’ formation, because previous researches revealed that soil nodules
are often found in areas of ﬂuctuating water tables, rather than areas of
more permanent saturation (D’Amore et al., 2004; Richardson and
Hole, 1979; Schwertmann and Fanning, 1976). Therefore, we believe
abiotic processes, resulting in changes in soil redox potential, pre-
dominate in their formation, compared to the smaller, but vital, inﬂu-
ences of the functional microbial communities. Our results show that
the soil nodules are formed from the ﬁlling of the soil pore networks
with Fe and Mn oxides. The soluble Fe and Mn minerals enter the pore
network at the low soil redox potential. They precipitate and ﬁll the
pore network when the soil redox potential increased. The enrichment
of Fe-Mn oxides and pore network ﬁlling are entropy reduction pro-
cesses (Table S2), requiring additional energy beyond that provided
beyond ﬂuctuation of the soil redox potentials. The extra energy that is
required is mainly derived from microbe activity. The diﬀerent func-
tional microbial communities enhance the redox processes (Tebo et al.,
2004). They also mediate the transformation of Fe-Mn oxides and
promote the formation of the soil nodules (Tebo et al., 2004; Zhang
et al., 2014). The soil nodules accumulate substantial concentrations of
organic C (over ten times greater than the soil matrix) during their
formation processes, providing further evidence of microbial activity
(Rennert et al., 2014). The C in the soil nodules is associated with Mn
oxides and its concentration increases with increasing Mn concentra-
tions (Table S2). Estes et al. (2017) reported that the Mn-associated
carbon is mainly derived from extracellular proteins and lipopoly-
saccharides. These carbon fractions can be absorbed at sites on the
mineral surfaces, serving as templates for mineral nucleation and co-
precipitate with Fe and Mn oxides during nodule development (Moreau
et al., 2007; Kleber et al., 2015). The association of Mn and organic C
suggests that Mn oxides can act potential carbon sequestrators and
carriers. They could also be an additional source of organic C in the C-
limited environment, which could explain why soil nodules can be
formed even in C-limited soils.
The soil Fe-Mn nodules are formed within the local soil matrix ra-
ther than being transported and deposited at the site. Therefore, the
elemental and mineral composition of the soil Fe-Mn nodules are both
similar to that of the soil matrix (Zhang and Karathanasis, 1997;
Palumbo et al., 2001; Hickey et al., 2008). Detailed information about
how the soil nodules form within the soil matrix is still lacking. By
comparing the pore structures of the soil nodules (Fig. 1c, g, k and n)
and the adjacent soil matrix (Fig. 1n), it is inferred the soil nodules were
formed by concentrating the Fe-Mn oxides and ﬁlling the pore networks
of the soil matrix during the wetting/drying cycles.
This inference is based upon quantitative information about the
pore structures (Table 1). There are two types of pores within the soil’s
matrix, the connected pores and isolated pores. The isolated pores occur
in both the soil matrix and soil nodules, while the connected pores do
not occur in soil nodules. This indicates that most of the connected
pores (pore network) were ﬁlled by Fe or Mn minerals during the for-
mation of the nodules, with, only the isolated pores remaining unﬁlled.
Therefore, the diﬀerences between the isolated porosity of the soil
matrix and soil nodules are insigniﬁcant (Table 1).
The formation rate of the soil nodules is controlled by the changes in
the rate of the redox potential of the soil. The slow change of the soil
redox potential increases enrichment of Fe and Mn minerals. More
minerals enter and precipitate within the pore network of the soil
matrix, resulting in the smaller porosity of the concentric rings. The
rapid change of the redox potential results in the co-precipitation of the
Fe-Mn minerals, which would partially blocking the pore network of
the soil matrix (Fig. 4d, e and f), and adversely aﬀects the enrichment of
the Fe and Mn minerals in the nodules. As a result, the concentric rings
formed due to the rapidly changed redox potential are characteristics
by larger porosity and relative lower contents of Fe and Mn; whereas
the reverse is true for the concentric rings that formed due to the slowly
changing redox potentials. Therefore, the formation rate of the soil
nodules can be evaluated and predicted from the porosity of the con-
centric rings based on the high-resolution CT images. In some cases, the
mineral degradation creates large holes and cracks within the soil no-
dules, which could severely aﬀect the reliability of formation rate of the
soil nodules predicted by the nodules’ porosity based on the linear re-
gression model. Fortunately. the mineral degradation is not observed in
all the studied soil nodules. For comparison, the soil nodules with and
without mineral degradation are presented in Figure S6 (a)-(b) and (c)-
(d), respectively. In the elemental mapping, the Fe-Mn overlapped rings
further indicate the formation rate of the soil nodules, although detailed
information from some tiny concentric rings was lost due to the low
resolution of the ﬂuorescence mapping.
The ring structures are one of the most important features of soil
nodules. There are two types of ring structures: Fe and Mn in-
dependently enriched rings, and Fe-Mn overlapped rings, both of which
are formed under diﬀerent conditions. The iron oxides precipitate at
lower redox potentials than the Mn oxides (Liu et al., 1984). As a result,
there are two precipitation windows for Fe and Mn oxides, respectively.
The ﬁrst window exists at the lower redox potential, when the Fe oxide
begins to precipitate, whereas the Mn minerals will not precipitate and
are still as Mn2+ (Liu et al., 1984). Thus, Fe-rich but Mn-depleted rings
are formed. If the redox potential repeatedly ﬂuctuates around the ﬁrst
window, the width of the Fe-rich rings continues to increase. The
second window exists at higher redox potentials so that the Mn oxide
begins to precipitate after most of Fe oxides have already done so. Then,
the Mn-rich rings are formed. The wider Mn-rich rings form when the
redox potential repeatedly ﬂuctuates around the second window. When
the redox potential rapidly increases, the Fe-Mn overlapped rings are
formed due to the co-precipitation of the Fe and Mn oxides. The con-
tinuous rapid variation in the soil redox potential increases the width of
the Fe-Mn overlapped rings.
The size of the nodules depends on many factors, such as the age of
the nodules, their formation rate, their forming conditions and so on. In
other words, these soil nodules were formed at a diﬀerent time and
experienced diﬀerent forming conditions, resulted in the diﬀerent sized
nodules existed in the same soil horizon. It implies that diﬀerent sized
nodules contain diﬀerent environmental information. In general, larger
nodules always experience more redox cycles and contain more pa-
leoclimate information.
The shape of the ring structures is mainly aﬀected by the local pore
structures of the soil matrix. The local heterogeneity of the soil pore
structures leads to the anisotropic growth, or distortion, of the ring
structures. The overall formation process of the soil nodules, however,
is not aﬀected by the pore structures of the soil matrix, because its
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overall pore structure is homogeneous between the inner, middle and
outer layers (Figure S2).
The precise age of the studied soil nodules is unknown because they
are beyond the capability of U-Th-Pb dating and 14C dating. However,
the age of the studied soil nodules should be very old. The approximate
age of the soil proﬁle of the quaternary red earth is about 800 thousand
years. The proﬁle depth is 210 cm (below 210 cm were the parent
materials). If the soil proﬁle formed at a relatively constant rate, the age
of the Bs2 horizon could be over 150 thousand years. The soil nodules
were formed during/after the formation process of the soil proﬁle.
Based on the information of the soil proﬁle, it could infer that the age of
these nodules is very old. Elberling et al. (2013) revealed that the SOC
trapped in the soil nodules collected from a forest soil has a 14C age of
more than 21,000 years, indicating the formations of the soil nodules
were long-term processes.
By combining the CT images, the elemental maps and the wavelet
analyses, the formation process of a typical 5− 6.5 mm soil nodule was
characterized (Fig. 6). The formation process of this 5− 6.5 mm soil
nodule consisted of four phases and nine stages. At the initial formation
phase (stage 1), the 5− 6.5 mm nodule formed under dry conditions,
and had higher Mn contents than under wet ones, which can be clearly
observed at the nodule nucleus (Fig. 4j). For phase 1 to phase 2, the
nodule formed at moderate rates, with alternate Fe and Mn ring
structures. At phase 3, the formation rates of the nodule gradually in-
crease. The alternately arranged Fe and Mn ring structures were only
observed at formation stage 4, 5 and 6. At formation stage 7, Fe-Mn
overlapped rings were observed. In the last formation phase, the nodule
formed at the fast rate at stage 8. At the ﬁnally stage (stage 9), the soil
nodule formed, at a slow rate, under wet conditions. In summary, the
soil nodules, forming under wetting/drying ﬂuctuations provide a re-
cord of the prevalent paleoclimatic conditions during their formation
process.
4.2. Paleoclimate ﬁngerprints within the soil nodules
The ring structures of the soil nodules were previously considered to
be important signatures of soil formation processes and seasonal ﬂuc-
tuations in soil moisture (Zhang and Karathanasis, 1997; Jien et al.,
2010; Yu et al., 2015). However, the interpretations of these signatures
were not then available. Our results clearly showed that the elemental
compositions of the ring structures are indicators of the soil redox po-
tential at the time of their formation. When the soil moisture is aﬀected
by the underground water table, the ring structures provide the
memory of its ﬂuctuations, which can be used for predicting regional
hydrology and evaluating soil degradation at the landscape scale. If the
soil moisture was only aﬀected by precipitation, the ring structures
would only be the ﬁngerprints of the paleoclimate, which is related to
the seasonal ﬂuctuation of the precipitation. Moreover, the porosity of
the ring structures reﬂects the transition rate of the soil redox poten-
tials. Those formed due to rapid changes in the redox potential have
larger porosities. The reverse applies to the ring structures formed
under slowly changing redox potentials. The elemental composition of
the ring structures reﬂects their formation conditions. The Fe-rich rings
are formed under relatively lower redox potentials (wet condition),
whereas the Mn-enriched rings are formed under relative higher redox
potentials (dry condition). In summary, the elemental composition and
the porosity of the ring structures can be used to reveal the environment
during the formation of the soil nodules and are related to ﬂuctuation of
the underground water table and, or, to seasonal change in the paleo-
climate.
4.3. Reconstruction of the geologic climate based on the soil nodules
The sampling site was on high ground, which was not aﬀected by
ﬂuctuations in the underground water table. The soil moisture was
therefore mainly attributed to precipitation. Although the local farmers
planted citrus in the past 40 years, the agricultural cultivation had very
limited impact on the paleoclimate ﬁngerprints of the studied soil no-
dules that collected from the Bs2 horizon of soil proﬁle (45–70 cm). For
the hibernated nodules (stop growing), the agricultural practices didn’t
aﬀect their internal paleoclimate ﬁngerprints. For the active nodules
(still growing), the impact of agricultural cultivation was also very
limited because the formation of soil nodules was a very slow process
(more than tens of thousands of years in the Quaternary red earth).
Therefore, the periodical variations in the soil redox potential were
controlled only by the paleoclimate. Based on the interpretation of the
environmental ﬁngerprints registered inside the 5− 6.5 mm soil no-
dule, the paleoclimate during its formation process can be re-
constructed (Fig. 7). In phase 1 and phase 3, the paleoclimate was
dominated by dry conditions, and in phase 2 and phase 4, by wet
conditions. The seasonal change in the paleoclimate can be interpreted
more precisely during the nine formation stages of nodule formation.
Dry conditions occurred at stages 1, 3, 5, 7 and 8; whereas wet con-
ditions occurred at stages 2, 4, 5 and 9. At the initial formation stage
(stage 1), moderately changing climatic conditions occurred, which
were maintained at formation stage 2 and 3. However, the climatic
conditions changed dramatically at stage 4− 7, and slowly changing
climatic conditions occurred at stages 4 to stage 5. Then, a moderate
and rapid changing climate occurred at stage 6 and stage 7, respec-
tively. During the formation of stages 8 and 9, rapid and slowly chan-
ging climates occurred respectively. In conclusion, the paleoclimatic
conditions and the climate change rate can therefore be simultaneously
Fig. 6. The detailed formation process of a typical 5–6.5 mm soil nodule illustrated by the 3-D microstructures and the alluvial diagram. (a) illustration of the forming
phases and stages based on 3-D microstructures and wavelet analyses. (b) the alluvial diagram shows the detailed forming process of the typical 5–6.5 mm soil
nodule, including the forming phases, stage, forming condition, the elemental composition of the ring structures and forming rate during each forming stage.
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determined, based on the ﬁngerprints of the soil nodules.
5. Conclusions
Our results highlighted that the ﬁngerprints within the soil nodules
are the memory of the paleoclimatic conditions during the formation
periods of nodules. It recorded seasonal changes in soil moisture af-
fected by the ﬂuctuations of precipitation when the nodules were
formed. These paleoclimatic signatures can be interpreted from the
combination of X-ray microtomography, X-ray ﬂuorescence mapping
and wavelet analyses. The elemental composition of the ring structures
reﬂects seasonal ﬂuctuations in precipitation, whereas the porosity of
the ring structures reﬂects how fast the wetting/drying climatic changes
occur. The reconstruction of the geological climate will also help in our
understanding of the soil formation processes, because the soil nodules
were formed along with the pedogenic processes. However, the speciﬁc
time sequences of the ring structures are not yet available, and await
further developments in isotope chronology. This will greatly promote
our obtaining further information from the research into soil nodules
once there is a breakthrough in development of the required metho-
dology.
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